Aim: Genome-wide association studies have identified several novel loci associated with serum uric acid concentrations in individuals of European descent. In the current study, we aimed to evaluate the associations between these loci and serum uric acid concentrations in a Chinese population. Methods: Fourteen single nucleotide polymorphisms (SNPs) mapped in or near 11 loci (PDZK1, GCKR, LRP2, SLC2A9, ABCG2, LRRC16A, SLC17A1, SLC17A3, SLC22A11, SLC22A12 and SF1) were genotyped in 2329 Chinese subjects in Shanghai. Serum biochemical parameters including uric acid concentrations were determined. All the variants were analyzed for gender differences since uric acid metabolism differed between genders. Results: In males after adjustments for age and BMI, GCKR rs780094, SLC2A9 rs11722228 and SF1 rs606458 were associated with the uric acid concentrations, which were statistically significant (P=0.016, 0.001 and 0.03, respectively), whereas SLC2A9 rs3775948 was marginally associated with the uric acid concentrations (P=0.071). In females, SLC22A12 rs506338 was also marginally associated with the uric acid concentrations (P=0.057). The meta-analysis for combined data from both males and females revealed that rs3775948 and rs606458 were associated with the uric acid concentrations (P=0.036 and 0.043, respectively). Furthermore, the gender significantly affected the association of rs11722228 with serum uric acid levels (P=0.012). Conclusion: The SLC2A9 rs11722228, SF1 rs606458 and GCKR rs780094 variants modulate uric acid concentrations in Chinese males, while SF1 rs606458 and SLC2A9 rs3775948 are associated with the uric acid concentrations in both Chinese males and females.
Introduction
Elevated serum uric acid is a risk factor for gout and is independently associated with cardiovascular disease in the general population [1, 2] . In addition, it is linked to insulin resistance, type 2 diabetes, metabolic syndrome and obesity [3] [4] [5] [6] . Although conventional factors, including age, body mass index (BMI), alcohol consumption and cigarette smoking, contribute greatly to variations in serum uric acid concentrations [7] [8] [9] [10] [11] , genetic determinants also play roles, and heritabilities as high as 42% have been reported [12] . Moreover, genetic studies facilitate the development of effective treatments for associated diseases [13, 14] . Recently, advances have been made in identifying genes regulating serum uric acid through genome-wide association studies. The first wave of discovery of uric acid genes was conducted with European populations, identifying the associations of SLC2A9, ABCG2, and SLC17A3 with uric acid concentrations [15] [16] [17] . In addition, many genome-wide association studies focusing on serum uric acid concentrations in individuals of European decent have identified several novel associated loci mapped in or near SLC17A1, SLC22A11, SLC22A12, SLC16A9, LRRC16A, GCKR, R3HDM2-INHBC, and RREB1 [18] [19] [20] . These studies have established the utility of the genome-wide association approach in elucidating complex genetic traits related to uric acid levels. However, because discrepancies exist in the allelic frequencies and effect sizes observed with individuals of different ethnicities, replication studies of the loci originally identified in individuals of European descent should be performed on individuals of other ethnicities to more comprehensively explore the impact of genetics on serum uric acid levels. To date, few genomewide association studies have been conducted on individuals of East Asian descent. One novel loci mapped to LRP2 has been reported in association with uric acid, and associations of SLC2A9, SLC22A12, ABCG2, and MAF with uric acid have also been demonstrated [21] [22] [23] . However, the effects of the other European-derived loci in individuals of non-European descent populations remain unclear. In the present study, we aimed to test the associations of SNPs from eleven reported loci with uric acid in 2329 Shanghai Chinese individuals.
Materials and methods

Ethics statement
This study was approved by the institutional review board of Shanghai Jiao Tong University Affiliated Sixth People's Hospital in accordance with the principle of the Helsinki Declaration II. Written informed consent was obtained from each participant.
Participants
A total of 2329 participants were recruited from a community-based study. All subjects were derived from the same predominant genetic background with eastern Han Chinese ancestry and resided in Shanghai or nearby regions. Participants with cancer, hepatic disease, renal disease or other coexisting illness were excluded.
Clinical measurements
The phenotypes of the anthropometric and biochemical traits related to uric acid were extensively evaluated for all participants. Height (m) and weight (kg) were measured and BMI was calculated as weight/height 2 . Systolic and diastolic blood pressures (mmHg) were also measured. Overnight fasting venous blood specimens were obtained. Serum concentrations of uric acid, creatinine and lipids, including total cholesterol, triglycerides, high-density lipoprotein cholesterol and lowdensity lipoprotein cholesterol were measured using a type 7600-020 automated analyzer (Hitachi, Tokyo, Japan). Plasma glucose concentrations were measured by the glucose oxidaseperoxidase method using commercial kits (Shanghai Biological Products Institution, Shanghai, China).
SNP selection, genotyping and quality control analysis We selected 14 SNPs from 11 loci (PDZK1 rs12129861, GCKR rs780094, LRP2 rs2544390, SLC2A9 rs11722228, rs16890979, rs3775948, and rs10489070, ABCG2 rs2231142, LRRC16A rs742132, SLC17A1 rs1183201, SLC17A3 rs1165205, SLC22A11 rs17300741, SLC22A12 rs506338, and SF1 rs606458) that have been recently reported to be associated with serum uric acid levels. The SNPs were genotyped by multiplex primer extension with detection by matrix-assisted laser desorption ionization-time of flight mass spectroscopy using the MassARRAY Compact Analyzer (Sequenom, San Diego, CA, USA). All fourteen SNPs passed quality control criteria with genotyping call rates of greater than 90%. Individuals with more than 10% missing genotypes were excluded. After all quality control checks, 2170 individuals and all fourteen SNPs were analyzed.
Statistical analysis
We performed the Hardy-Weinberg equilibrium test before the association analysis. Those SNPs that failed the HardyWeinberg equilibrium test (P<0.01) were excluded. Tests of normality were conducted for all quantitative traits. The quantitative traits were analyzed by linear regression using the additive model with adjustments for age, gender and BMI using PLINK [24] , and the regression coefficients with 95% CIs were presented. The meta-analysis of serum uric acid levels in the males and females was performed using the Comprehensive Meta-analysis software (v2.2.057) with a fixed model or random effect model after testing for heterogeneity. Homogeneity was assessed by the Cochran Q test. The statistical analyses were performed using SAS for Windows (version 8.0; SAS Institute, Cary, NC, USA) unless otherwise specified. A two-tailed P value of <0.05 was considered statistically significant.
The previously reported effect size of genetic loci on serum uric acid levels is approximately 8.5-30 [18, 20] . Based on this reported effect size and the allele frequency observed in our samples, the statistical power was calculated under an additive genetic model. For SNPs with minor allele frequencies greater than 0.2, we determined that the power was greater than 80% for detecting associations between genotypes and uric acid concentrations with a relative β value greater than 8.5 mmol/L per allele.
Results
The clinical characteristics of the participants are shown in Table 1 . The genotype frequencies of all polymorphisms were in Hardy-Weinberg equilibrium. Because uric acid metabolism differs between genders [25] [26] [27] , we investigated the genderspecific impacts of all variants on serum uric acid levels. As shown in Table 2 , GCKR rs780094 (β=9.154, 95%CI 1.721-16.59 P=0.016), SLC2A9 rs11722228 (β=12.990, 95%CI 5.246-20.730 P=0.001) and SF1 rs606458 (β=8.416, 95%CI 0.813-16.020 P=0.030) showed associations with serum uric acid levels in the males after adjustments for age and BMI as confounders; SLC2A9 rs3775948 demonstrated marginally significant associations with uric acid (P=0.071). In the females, no associations were observed with the exception of rs506338 in SLC22A12, which was potentially associated with uric acid (P=0.057).
After the meta-analysis combining the males and females, we detected that only SLC2A9 rs3775948 and SF1 rs606458 were associated with uric acid (P=0.036 and 0.043, respectively).
The effects of gender on the associations of all SNPs with serum uric acid levels were further explored in our samples. We found that gender significantly affected the association of rs11722228 in SLC2A9 with uric acid levels (P=0.012). Gen-1423 www.chinaphar.com Sun X et al Acta Pharmacologica Sinica npg der had marginally significant effects on the associations of rs780094 in GCKR and rs606458 in SF1 with uric acid levels (P=0.057 and 0.054). However, we failed to detect any other influences of gender on the associations of the other SNPs with uric acid levels.
Because GCKR rs780094 was associated with fasting glucose and triglyceride levels, we further analyzed its association with serum uric acid levels after adjusting for age, BMI, and fasting glucose and triglyceride levels in the males. The results indicated that GCKR rs780094 was strongly associated with uric acid independent of fasting glucose and triglyceride levels (β=9.905, 95%CI 2.498-17.310, P=0.009).
Finally, we analyzed the effects of GCKR rs780094, SLC2A9 rs11722228, and rs3775948 on serum creatinine levels, which are related to uric acid metabolism. We found that GCKR rs780094, SLC2A9 rs11722228, and rs3775948 were associated with serum creatinine levels in the males; in addition, SLC2A9-WDR1 rs10489070 and SF1 rs606458 demonstrated marginally significant correlations with creatinine concentrations. However, after the combined analysis, all SNPs lost their associations with serum creatinine levels ( Table 3 ). Because the above SNPs showed significant associations with serum creatinine levels in the males, we performed further adjustments, including these levels as confounders in the association analysis of the SNPs with uric acid levels. After adjustments for age, BMI and serum creatinine levels, we showed that only rs11722228 was significantly associated with uric acid levels (P=0.025 for rs1172228; P=0.108 and 0.409 for rs780094 and rs3775948).
Discussion
In the current study, we attempted to replicate the effects of recently reported loci on serum uric acid levels in a Chinese population. We were able to confirm significant associations between serum uric acid and SNPs in SLC2A9 rs3775948 and SF1 rs606458. Gender impacts on the associations of GCKR rs780094 and SLC2A9 rs11722228 with uric acid levels were also observed in our samples. However, no associations with uric acid concentrations were detected for the markers of the other known loci in our study.
SLC2A9 encodes glucose transporter 9 (GLUT9), which can serve as a facilitative transporter of glucose and fructose as well as uric acid. Several genome-wide association studies have identified genetic variants of SLC2A9 that are robustly associated with serum uric acid levels, with explained variance reaching 3.4%-8.8% in women and 0.5%-2.0% in men [15] [16] [17] [28] [29] [30] . The rs11722228 variant in SLC2A9 has been previously reported to be highly associated with uric acid levels in Japanese individuals [22] . In the present study, we successfully confirmed the association of this variant with uric acid concentrations in males from a Chinese population. Moreover, gender was demonstrated to affect the association of this variant with uric acid concentrations in our study. This indicated that SLC2A9 (rs11722228), together with gender, participated in the regulation of uric acid concentrations and confirmed the sex-specific role of SLC2A9 in regulating uric acid levels, which is in accordance with a previous study [15] . Because rs11722228 explained 1.03% of the total variation in serum uric acid levels in the Chinese population compared with 1.33% of the variation in individuals of Japanese descent, the detailed underlying biological mechanisms require further investigation [4, 22] . Another variant in SLC2A9 rs3775948 has been previously reported to be greatly correlated with uric acid levels in East Asians [21] . This variant was not in linkage disequilibrium with rs11722228 (Supplementary Figure 1) . In accordance with this finding, we also observed a relationship between this variant and uric acid levels. Because the association between rs3775948 and uric acid levels was observed only in the combined analysis of the males and females, it may have been caused by the increased sample size and/ or gender effects. Thus, this association between rs3775948 and uric acid needs to be further investigated using a larger sample size. The association of rs11722228 and rs3775948 in this study together with the large number of SNPs in SLC2A9 that have been previously identified and have been replicated to be associated with uric acid in multiple populations highlight the genetic pathways that are important in the regulation P values were adjusted for age, gender, and BMI. P values <0.05 were shown in bold. Position is given for GRCh37.p10. The effect allele is the allele to which the β estimate refers. Table 3 . Association between SNPs from eleven loci and serum creatinine levels in the Chinese subjects. P values were adjusted for age, gender, and BMI. P values <0.05 were shown in bold. Position is given for GRCh37.p10. The effect allele is the allele to which the β estimate refers.
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Acta Pharmacologica Sinica npg of serum uric acid levels. Recently, SLC2A9 was reported to act as a high capacity and possibly electrogenic uric acid transporter that can mediate the efflux of uric acid from cells by exchanging extracellular hexoses for intracellular uric acid. It has also been reported to be involved in the reasorption of uric acid in the basolateral membrane of the human proximal convoluted tubule. Because SLC2A9 can be partially inhibited by drugs, including probenecid, losartan, and benzbromarone, and considering that it affects serum uric acid levels, it may be a potentially novel target for pharmacologic intervention to prevent or treat disorders related to serum uric acid. The SF1 rs606458 polymorphism was previously reported in a genome-wide association study of African Americans in 2011 and was also found in individuals of European ancestry [31] . However, in East Asians, and particularly in Chinese populations, there is no evidence confirming the association between SF1 (rs606458) and uric acid. In our study, this SNP demonstrated obvious correlations with uric acid. However, in the two populations (African American and East Asian), a reciprocal relationship between rs606458 and uric acid was observed (β=4.206 in Chinese and β=-0.180 in African American individuals). Because the allele frequencies of rs606458 (0.354 in Chinese vs 0.650 in African Americans for G allele) as well as the linkage disequilibrium patterns differ between the African American and Chinese populations, rs606458 is only the genetic marker that may be directly linked to uric acid concentrations in the Chinese population specifically.
We found that the rs780094 variant in GCKR more substantially affected uric acid concentrations in males compared to females. This gender distinction in regulating uric acid levels was first reported in the Chinese population. The GCKR gene encodes a regulator of glucokinase, which is the first glycolytic enzyme responsible for glucose phosphorylation in the liver [29] . Recently, genome-wide association studies focusing on type 2 diabetes and glucose-related traits have identified GCKR rs780094 polymorphisms to be associated with triglyceride, fasting plasma glucose levels and type 2 diabetes [32] [33] [34] [35] . However, its association with serum uric acid was independent of triglyceride and fasting plasma glucose levels in the men after adjusting age, BMI, and triglyceride and fasting plasma glucose levels as the confounding factors. In our study, no significant evidence of the existence of the influence of gender on the association of GCKR rs780094 with serum uric acid levels was found. The causative mechanisms underlying the effects of gender on the association of this variant with serum uric acid levels requires further investigation.
In females, only SLC22A12 (rs506338) showed a marginally significant association with uric acid. This variant has been previously reported in Japanese individuals to be significantly correlated with uric acid levels, but gender differences were not detected. However, specific physiological characteristics of females may be related to the gender differences observed in the associations of the SNPs with uric acid levels. For example, estrogen levels may increase the renal clearance of serum uric acid [25] . However, the underlying mechanism remains to be elucidated.
The concentrations of serum uric acid and creatinine levels are biochemical indicators of kidney function that are commonly used in clinical practice. Because the presence of elevated serum creatinine levels is a risk factor for cardiovascular disease, all-cause mortality, and end-stage renal disease [36] [37] [38] , it is equally important to identify and replicate genes associated with serum creatinine levels. However, few studies have explored the genetic heritability of serum creatinine levels to date. In this study, we also analyzed the association of uric acid-related SNPs with serum creatinine levels and found associations involving the variants in GCKR and SLC2A9 in the males. Those SNPs identified by the genome-wide association study to be correlated with serum uric acid levels require further confirmation by large-scale association studies to determine whether they may play roles in regulating serum creatinine levels.
Although we showed that SLC2A9, SF1, and GCKR were associated with serum uric acid levels, there were limitations to our study. First, the small sample size may have caused the allele frequencies estimated in the population to be biased. In addition, because gender differences have been previously reported in the association of GCKR rs780094 with uric acid levels but were not observed in this study, a larger number of participants are needed to verify these findings in the Chinese population. Second, we did not adjust for lifestyle factors, such as alcohol consumption and cigarette smoking, as confounding factors. The interaction between lifestyle and these genetic variants on serum uric acid levels remains unknown. Third, only the reported SNP(s) from each locus was analyzed in the current study. Because differences exist in allele frequencies as well as linkage disequilibrium patterns between East Asians and Europeans, detailed analyses of additional SNPs from each locus in East Asians, and particularly in the Chinese population, may help to identify the causal variant. Fourth, because rs16890979 and rs17300741 are rare in the Chinese population, the present study had limited power to detect the effects of these SNPs on serum uric acid levels. Finally, the positive results in the present study need further replication because we did not perform multiple comparisons.
In conclusion, we showed that the SLC2A9 rs11722228, SF1 rs606458 and GCKR rs780094 variants modulated uric acid levels in Chinese males, while SF1 rs606458 and SLC2A9 rs3775948 were associated with uric acid levels in the combined group, which included both males and females. These findings suggest that genetic variation strongly influences the regulation of serum uric acid levels in humans.
